Introduction
Various chemical reactions occurring in gaseous plasma produce active atomic/molecular species to cause surface modification of various materials. The reaction with nitrogen and nitrogen mixed gases, called nitridation, has been extensively employed for surface treatment of steel materials so as to improve the corrosion resistance and the mechanical properties, such as the hardness and the fatigue strength. Glow discharge plasmas, which are maintained in nitrogen and nitrogen-hydrogen atmospheres at reduced pressures of 10 2 -10 4 Pa, are used in plasma nitridation most commonly, producing several kinds of iron and chromium nitrides and iron-matrix phases containing large amounts of interstitial nitrogen in stainless-steel materials. [1] [2] [3] [4] It is a drawback in the nitriding treatment using a glow discharge plasma that the reaction rate is very slow; in fact, it requires several hours to obtain a nitrided layer having several micrometers in thickness. 1 This is probably because of the low population of excited nitrogen species as well as the low temperature of the substrate in the glow discharge plasma at low gas pressures. 5, 6 It is thus expected that a nitrogen plasma at atmospheric pressures could provide a higher flux of excited nitrogen species to promote the growth of a nitrided layer; however, it is difficult to produce an atmospheric plasma using a conventional glow discharge. Whereas arc or spark discharge can produce a plasma at atmospheric pressures, the specimen working as the discharge cathode will receive severe thermal damage due to the rather high current density.
We focused on an electrodeless discharge, where a high-power microwave was coupled with plasma gas through a surfacewave-excited non-resonant cavity, developed by Okamoto (Okamoto-cavity), 7.8 to prepare a nitrogen plasma at ambient pressure. A microwave-induced plasma (MIP) excited with the Okamoto-cavity has been usually used as an excitation source in optical emission spectrometry 8 as well as an ionization source in atomic mass spectrometry. 9 A unique feature of the Okamotocavity MIP is that a stable plasma can be maintained with various types of plasma gases, such as nitrogen, nitrogenoxygen, and argon, for the spectrometric applications. [10] [11] [12] [13] [14] [15] Our previous study evaluated the performance of the Okanoto-cavity MIP as a source of the nitridation. 16 The nitrogen plasma could elevate the substrate temperature of an iron sample under active nitrogen atmospheres due to radiative heat emanated from the plasma, thus promoting the growth of a nitrided layer on the substrate. It was possible to produce a nitrided layer on a steel substrate having a thickness of several micrometers for a treatment time of less than 1 min, enabling the treatment to be shortened much more than in a conventional nitriding method 2014 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. When a nitrogen microwave-induced plasma produced with an Okamoto-cavity was employed as a source for the nitridation of steel samples, the characteristics of the plasma were investigated by analyzing a spatially-resolved emission image of nitrogen excited species obtained with a two-dimensionally imaging spectrograph. Our previous study had reported on an excellent performance of the Okamoto-cavity microwave-induced plasma (MIP), enabling a nitrided layer having a several-micrometer-thickness to form on an iron substrate, even if the treatment is completed within 1 min, which is superior to a conventional plasma nitriding using low-pressure glow discharges requiring a prolonged treatment time. In this paper, the reason for this is discussed based on a spectrometric investigation. The emission images of band heads of nitrogen molecule and nitrogen molecule ion extended toward the axial/radial directions of the plasma at larger microwave powers supplied to the MIP, thus elevating the number density of the excited species of nitrogen, which would activate any chemical reaction on the iron substrate. However, a drastic increase in the growth rate of the nitrided layer when increasing the microwave power from 600 to 700 W, which had been observed in our previous study, could not be explained only from such a variation in the excited species of nitrogen. This result is probably because the growth process is dominantly controlled by thermal diffusion of nitrogen atom after it enters into the iron substrate, where the substrate temperature is the most important parameter concerning the mobility in the iron lattice. Therefore, the Okamoto-cavity MIP could contribute to a thermal source through radiative heating as well as a source of nitrogen excited species, especially in the growth process of the nitrided layer.
Keywords Nitridation, nitrogen microwave-induced plasma, Okamoto-cavity, band head spectrum, imaging spectroscopy, iron using glow discharge plasmas. 16 Furthermore, the resulting nitrided layer comprised an Fe4N nitride and a γ-Fe phase containing a large number of interstitial nitrogen atoms. The nitrided layer was expected to have a high adhesive strength at the interface, due to the expanded γ-Fe phase having compression stress.
In this paper, we report on a spectroscopic observation of the Okamoto-cavity MIP, itself, during the nitridation process, in order to discuss the mechanism for the nitriding occurring in the plasma. For this purpose, emission images for band heads of nitrogen species, such as nitrogen molecule and nitrogen molecule ion, are measured with a two-dimensionally imaging spectrograph. Figure 1 shows a schematic diagram of an Okamoto-cavity MIP and the measuring system for emission spectrometric analysis. The apparatus and the principle for the MIP have been described in detail by Okamoto. 7, 8 The MIP is generated with a highvoltage power supply (KN-153-3T-LR-PS, Nippon Koushuha Ltd., Japan), a 2.45-GHz microwave generator (MKN-153-LA-OSC, Nippon Koushuha Ltd.), a wave guide equipped with a three-stub tuner, and a mode transformer (cavity). The mode transformer, called an Okamoto-cavity, 7 consists of an inner conductor and an outer cylindrical conductor terminated by a front plate. The plasma torch (300-8352, Hitachi Corp., Japan) comprises a duplex quartz tube having two individual gas flows: one is a tangentially-introduced gas flow as the plasma gas and the other is introduced through the inner tube, which is originally designed to carry a sample aerosol to the plasma for emission spectrometric analysis. In this study, pure nitrogen gas was introduced at flow rates ranging from 1.8 × 10 -4 to 2.7 × 10 -4 m 3 /s as the plasma gas and a flow rate of 0.83 × 10 -4 m 3 /s as the central gas without any aerosol. The forward power of the microwave was adjusted in the range of 600 -800 W.
Experimental
The nitriding treatment was conducted on a high-purity iron plate (99.999%) having a thickness of 1 mm. The surface of a specimen was mechanically polished and subsequently etched with a 10%-HCl solution before the nitriding treatment. The natural oxide layer of the specimen, which was confirmed by using an XPS analysis, was less than several nanometers in thickness. The iron plate was located on a stage ca. 50 mm above the front plate of the cavity. Our previous paper has described how to measure the surface temperature, the crystal structure of a resultant nitrided layer evaluated from an X-ray diffraction (XRD) pattern, and the chemical state of the surface determined using X-ray photoelectron spectroscopy (XPS). 16 In addition, in-depth variations of the chemical composition were measured in glow discharge optical emission spectrometry (GD-OES). 16 The GD-OES apparatus (GDA750, Rigaku Corp., Japan) was operated with a radio-frequency power supply, at an argon pressure of 350 Pa and a discharge voltage of 800 V. The analytical emission lines for the GD-OES measurement were Fe II 238.204 nm, O I 130.217 nm, and N I 149.262 nm.
As shown later, the MIP emits a spectrum comprising several band systems of nitrogen molecule and nitrogen molecule ion, whose emission intensities would be determined by the population of their excited species in the plasma. The emission signals of their band heads were collected with a biconvex lens, and then dispersed and detected with a scanning spectrometer (P-5200, Hitachi Corp.), comprising two modified CzernyTurner mounting monochromators and photomultiplier tubes (R955, Hamamatsu Photonics Corp., Japan). The focal length is 0.75 m. Each monochromator has a grating of 3600 or 1200 grooves/mm at a blaze wavelength of 200 or 400 nm, respectively. In addition, the emitted radiation was taken from the radial direction of the plasma, and the spatial distribution of the emission intensity was observed by using a two-dimensionally (2D) imaging spectrograph.
We have reported on 2D images of a laser-induced plasma, and of d.c. and r.f. glow discharge plasmas by using this measuring system. [17] [18] [19] The imaging spectrograph system comprised a collimator, an image spectrograph and a charge-couple device (CCD) detector. 17 The emission signal from the MIP was introduced through the collimator onto the entrance slit of the spectrograph (Model 12580, BunkoKeiki Corp., Japan), dispersed at a certain wavelength, and then detected on the CCD detector (SensiCam QE Model, PCO Imaging Corp., Germany), where the 2D image of a particular band head could be observed in the axial and radial directions of the plasma. The optical alignment between the excitation source and the spectrograph was adjusted by using zero-order diffraction light, so that an image of the source could be observed most clearly. It was determined by measuring an image of a scale that a 2D image having 10 × 10 pixels approximately corresponded to an actual sample area of 0.20 × 0.20 mm 2 . 18 The data were accumulated and averaged on a personal computer to reduce the intensity fluctuation, and the plasma images were finally recorded.
Results and Discussion

Growth of nitrided layer on steel substrate
Concerning the growth of nitrided layers in the Okamotocavity MIP, our previous study is reviewed in Fig. 2 , 16 which indicates depth profiles of the nitrided layers plasma-treated for 40 s at microwave powers of 600, 700, and 800 W. The temperature of the sample surface was elevated with increasing microwave power: ca. 500 K at 600 W, 700 K at 700 W, and 900 K at 800 W when the duration time in the plasma nitridation was 40 s. As shown in Fig. 2 , no distinct nitrided layer appeared to form on a sample surface treated at 600 W; however, magnification of the surface region showed a thin nitrided layer with a thickness of less than 100 nm, whose nitrogen concentration reached about 35 at%. The high nitrogen concentration within the outermost surface region was likely caused by accumulation of nitrogen atoms due to the slow diffusion, because the sample temperature was low. On the other hand, thick nitrided layers of several micrometers in thickness could be found on the iron surfaces when the microwave power was elevated up to 700 and 800 W, and the thickness of the nitrided layer increased with the microwave power. The nitrogen concentration in the iron surface plasmatreated at 700 W was ca. 20 at% in the overall region of the nitrided layer, which was lower than that of the 600-W-treated sample, implying that nitrogen atoms could diffuse into the iron substrate more easily because of the higher temperature at 700 W. The nitrided layers of the 700-and 800-W-treated samples were composed of two layers with differing nitrogen concentrations of about 20 and 9 at%. Based on X-ray diffraction analysis, the 20 at%-nitrogen and the 9 at%-nitrogen layer was identified to γ-Fe4N and γ-Fe phases, respectively. 16 The γ-Fe phase includes large amounts of nitrogen atoms at any interstitial sites of the face-centered-cubic lattice. It is the most important characteristic of the nitridation using Okamotocavity MIP that it can form a nitrided layer having a severalmicrometer-thickness within 1 min much more rapidly than conventional plasma-nitriding techniques requiring several hours in most cases. Figure 3 shows variations in the intensity of band heads of nitrogen molecule at 337.13 and 357.69 nm and of nitrogen molecule ion at 391.44 and 427.81 nm when the forward power of the microwave is elevated. In this measurement, the flow rate of nitrogen gas was fixed at 2.3 × 10 -4 m 3 /s and the emission signal was observed at a plasma position of 14 mm above the front plate of the cavity. The former band heads are assigned to (0,0) and (0,1) vibrational-level transitions from C 3 Πu to B 3 Πg electronic states of nitrogen molecule, called the second positive system, and the latter to (0,0) and (0,1) transitions from B 2 ∑ + u to X 2 ∑ + g states of nitrogen molecule ion, called the first negative system. 20 These band heads accompany several rotational branches (lots of closely-spaced emission lines) towards shorter wavelengths, whose intensities are dependent on the distribution among the rotational energy levels. It was observed that their relative intensities were slightly influenced even when the experimental conditions were changed in various ways; therefore, the emission intensity at the wavelength of each band head could be measured so as to estimate the relative population of these nitrogen species. The intensities of the band heads were gradually elevated with an increase in the forward microwave power, implying that the number densities of these excited states increase at higher power applied to the MIP. Furthermore, Fig. 4 indicates that the intensity ratio of N2 + 391.44 nm/N2 337.13 nm increases with increasing microwave power, as a result of the promoted ionization of nitrogen molecule at higher microwave powers.
Emission intensity of nitrogen band heads
It should be noted that the excited states of nitrogen molecule and nitrogen molecule ion, themselves, can work as precursors for the dissociation of nitrogen molecule, because their dissociation energies are smaller than the dissociation energy of the ground state of nitrogen molecule, X 1 ∑ + g state. Several dissociation channels are possible to produce a radical of nitrogen atom, 21 as typically denoted in Eqs. (1) - (3):
N2*(
here, ΔE means the energy to be supplied in each reaction, and the asterisk denotes an excited electronic state. Equation (1) indicates a possible channel of dissociation from the ground state of nitrogen molecule (X 1 ∑ + g), which requires a total energy of ca. 9.8 eV via lots of the excited vibrational levels. 20 On the other hand, the B 3 Πg and the C 3 Πu excited states have an internal energy of ca. 7.6 eV and ca. 11.1 eV in each lowest vibrational level, respectively. 21 The reaction in Eq. (3) provides a much easier way to obtain nitrogen radicals, which requires only 1.2 eV from the lowest vibrational level of the C 3 Πu state. 21 Also, in the case of nitrogen molecule ion, reactions for the dissociation such as Eqs. (4) and (5) can be considered to produce radicals of nitrogen atom and ion:
Radicals of nitrogen atom/ion are major reactants for the nitriding reactions occurring on the sample surface; therefore, the emission from these excited species of nitrogen molecule could be observed to estimate the activity of a plasma for the nitridation. Figure 5 shows 2D emission images for a band head of nitrogen molecule at 337.13 nm at microwave forward powers of 600, 700, and 800 W, whose intensities are roughly expressed by mapping with several colors, such that the intensity becomes weaker from red to blue. In this measurement, the flow rate of the nitrogen plasma gas and the central-channel gas was fixed to be 2.3 × 10 -4 and 0.83 × 10 -4 m 3 /s, respectively. When increasing the microwave power, the emission zone extended toward both the axial and the radial directions and the emission intensity was enhanced at the central portion of the plasma, meaning that the number density of the C 3 Πu state was elevated. The emission zone almost disappeared at heights of 20 -25 mm above the plasma torch; however, it is easily assumed that excited nitrogen species having the internal energies, which result from the C 3 Πu -B 3 Πg transition, could reach the sample surface through an upward flow of the plasma gas. This result would imply that the excited states of nitrogen molecule in the plasma generally have higher number densities at higher microwave powers, thus promoting the formation of nitrogen atomic radicals not only in the plasma body but on the sample surface, as denoted in Eqs. (1) - (5), which can cause any nitriding reaction on the sample surface.
Emission images of nitrogen molecule bands
Figures 6 shows a variation in the 2D emission image for a band head of nitrogen molecule ion at 391.44 nm. The plasma parameters and the measuring conditions are the same as those in Fig. 5 . The result was similar to the variation of the emission image of nitrogen molecule, as compared with that in Fig. 5 : the emission zone extended with an increase in the microwave power, although the emission zone up to a length of 18 -22 mm became slightly narrower than that of the nitrogen molecule. This is because the excited states of nitrogen molecule ion require larger energies for their ionization/excitation than those of nitrogen molecule. The ground state of nitrogen molecule ion, produced from the B 2 ∑ + u -X 2 ∑ + g transition, has a longer lifetime and internal energies; therefore, it also contributes to the formation of nitrogen atomic/ionic radicals for nitridation, as denoted in Eq. (4).
By comparing Fig. 2 with Figs. 5 and 6, the growth behavior of nitrided layers in the Okamoto-cavity MIP does not directly correspond to the variations in the excited species of nitrogen molecule and molecule ion in the plasma, when the microwave power is varied as an experimental parameter. A drastic change in the thickness of the nitrided layer appeared when the microwave power was increasing from 600 to 700 W, as shown in Fig. 2 , whereas the number density of the gaseous excited species was gradually elevated in the whole portion of the plasma. We therefore consider that the growth process of the nitrided layer would be principally controlled not by the population of the excited species of nitrogen but by the diffusion rate of nitrogen atom after they react with iron atoms on the surface. The temperature of the substrate is the most important parameter for controlling the diffusion process; in this situation, the Okamoto-cavity MIP would act as an irradiation source to elevate the temperature.
Effect of the flow rate of plasma gas
The flow rate of the plasma gas in the MIP is one of the operating parameters for controlling the plasma characteristics, because it possibly affects not only the excitation/ionization of plasma gas species but the heat transfer from the plasma. Our previous paper reported on the effect of the flow rate on the emission intensities of analyte species when the MIP was employed as an excitation source in atomic emission spectrometry.
12 Figure 7 shows a variation in the 2D emission image for the band head of nitrogen molecule ion at 391.44 nm when the flow rate of the plasma gas increases from 2.0 × 10 -4 , 2.3 × 10 -4 , to 2.7 × 10 -4 m 3 /s. In this measurement, the microwave power and the central-channel gas was kept to be 700 W and 0.83 × 10 -4 m 3 /s, respectively. Differing from the case where the microwave power was varied (see Fig. 6 ), the emission zone and the intensities were almost unchanged at the different flow rates. It was similarly observed that the emission zone of nitrogen molecule at 337.13 nm was less changed by the flow rates, compared to its variation in the case of the microwave power.
These results imply that the spatial distribution of the excited species of nitrogen molecule in the plasma body was hardly influenced by the flow rate, and thus the excited species of nitrogen could be constantly supplied for the nitridation of an iron sample.
On the other hand, it was observed that the temperature of the iron substrate was reduced with an increase in the flow rate: ca. 960 K at 1.8 × 10 -4 m 3 /s, 790 K at 2.2 × 10 -4 m 3 /s, and 710 K at 2.5 × 10 -4 m 3 /s, when a duration time in the plasma nitridation was 40 s. This probably occurred because the radiative heat could escape more easily along with the increased flow of the plasma gas. This effect drastically changed the characteristics of the resulting nitrided layers. Figure 8 indicates depth profiles of the nitrided layers plasma-treated for 40 s at flow rates of 1.8 × 10 -4 and 2.5 × 10 -4 m 3 /s, which were obtained in GD-OES. The thickness of the nitrided layer was reduced from ca. 18 × 10 -6 m to 5 × 10 -6 m when the flow rate increased, which strongly supports the already-described nitridation mechanism: the growth of the nitrided layer was determined by the substrate temperature rather than the number density of the excited gas species. It is also noted in Fig. 8 that, while the thickness of the nitrided layer was different, a duplex structure consisting of γ-Fe4N and γ-Fe phases could be maintained on an iron substrate even when the flow rate was largely varied. Therefore, we can suggest that the regulation of the plasma gas rather than the microwave power is a more suitable method how to control the thickness of the nitrided layer precisely under a certain/constant plasma condition, because the microwave power loaded changes not only the distribution of excited nitrogen species in the plasma, as shown in Figs. 5 and 6, but also the amount of radiative heat upon the sample surface, whereas the flow rate principally changes the latter. Figure 9 indicates a temporal change in the thickness of the nitrided layer, which was estimated from depth profiles of nitrogen in GD-OES at nitriding times of 20, 40, and 60 s, together with the corresponding change in the substrate temperature. In this experiment, the microwave power and the flow rate of the plasma gas was fixed to be 700 W and 2.3 × 10 -4 m 3 /s, respectively. Little growth of the nitrided layer was found at nitriding times of up to 20 s, which corresponded to a substrate temperature of less than 700 K. However, when the holding time was longer than 20 s, a nitrided layer suddenly started to be formed up to a thickness of 17 × 10 -6 m. The variation looks to follow an inverse parabolic law having some incubation period regarding the chemically-reactive growth of a surface layer, mainly because the substrate temperature in the process increased from 700 to 840 K. This effect would be controlled principally by the mobility of nitrogen atom in the iron lattice through thermal diffusion.
Temporal variation in the thickness of nitrided layer
Conclusions
The characteristics of an Okamoto-cavity MIP were investigated by analyzing 2D emission images of the plasma gas when it was employed as a nitridation source for an iron sample. The intensities of the nitrogen band heads were gradually elevated along the axial direction of the plasma at larger powers of the microwave, thus indicating that the number density of the excited states of nitrogen molecule increased towards the sample, which would promote any nitriding chemical reaction on the iron surface. However, this effect did not directly explain the growth of the nitrided layer on the iron substrate. The reason for this is probably that the growth process is principally determined by the diffusion of nitrogen atoms in the iron lattice, in which the atoms can move more easily at higher temperatures. The temperature of an iron substrate was thus a determining parameter in the growth process of the nitrided layer, and it could be varied not only by the microwave power but by the flow rate of the plasma gas in the Okamoto-cavity MIP. In the diffusion process, the plasma could work as a thermal source through the radiative heat rather than a source of active nitrogen species for nitridation, whereas it would play an important role in producing excited states of nitrogen molecule, which could be dissociated into nitrogen atoms in the plasma and on the sample surface, and they would then penetrate into the iron substrate through thermal diffusion.
